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INTRODUCTION
The advent of large surveys has provided insight into the formation and evolution of the Milky Way (MW) and its satellites, particularly the nucleosynthesis of the elements and chemical evolution in galaxies of different masses. Many open questions remain, however, including the astrophysical site for the creation of the heaviest elements in the Universe. These elements are created by the rapid (r-) neutron capture process; suggestions that r-process nucleosynthesis could occur during a neutron star merger (Lattimer & Schramm 1974; Rosswog et al. 2014; Lippuner et al. 2017 ) have now been confirmed through observations of GW 170817 (Abbott et al. 2017; Chornock et al. 2017; Drout et al. 2017; Shappee et al. 2017 ). However, core-collapse supernovae from strongly magnetic stars (the so-called "jet-supernovae") may also be a viable site of the r-process (e.g., Winteler et al. 2012 , Cescutti et al. 2015 , Côté et al. 2018 . One of the most useful sites for probing the environments, yields, and occurrence rates for r-process nucleosynthesis are the r-process-enhanced metal-poor stars, which retain a relatively pure r-process signature and whose spectra are not overly contaminated from metal lines.
A new collaboration, the R-Process Alliance (RPA), has begun a campaign to identify more of these r-process-enhanced metal-poor stars (with [Ba/Eu] < 0), with the ultimate goal of constraining the site(s) of the r-process across cosmic time. Initial results from the Northern and Southern hemisphere surveys Hansen et al. 2018 , plus additional papers from Placco et al. 2017 , Sakari et al. 2018a , and Roederer et al. 2018b ) have identified many more of these stars, including 18 new highly-enhanced r-II stars (with [Eu/Fe] > +1.0) and 101 new moderately-enhanced r-I stars (with +0.3 ≤ [Eu/Fe] ≤ +1.0), according to the classifications from Beers & Christlieb (2005) . These new discoveries enable the r-processenhanced metal-poor stars to be studied as stellar populations, so that their chemical and kinematic properties can be assessed as a whole.
Though they serve as useful laboratories for studying the r-process, it is still not known how or where r-process-enhanced stars form, including how they have retained such a strong r-process signal without being significantly diluted by the nucleosynthetic products of other stars (e.g., core collapse supernovae). One theory is that the r-process-enhanced stars form in the lower mass ultra-faint dwarfs which are later accreted into the MW halo. This framework is supported by both observations and simulations: r-process-enhanced stars have been found in ultra faint dwarfs, notably Reticulum II Roederer et al. 2016) , while simulations suggest that low mass dwarf galaxies are capable of retaining the ejecta from an r-process nucleosynthetic event (e.g., Bland-Hawthorn et al. 2015 , Beniamini et al. 2018 . In addition, the r-process-enhanced stars are also predominantly old (e.g., Placco et al. 2017; Holmbeck et al. 2018; Sakari et al. 2018b; Valentini et al. 2018) , and simulations indicate that many of the oldest stars in the MW halo may have been accreted (e.g., Steinmetz & Müller 1994; Brook et al. 2007 Brook et al. , 2012 El-Badry et al. 2018) .
Another convincing piece of evidence for an extragalactic origin for the r-process-enhanced stars comes from kinematics. Several r-II stars have orbits consistent with accretion from a satellite (Roederer et al. 2018a) , while many of the highly enhanced r-II and r-I stars have retrograde orbits in the MW halo which indicate an extragalactic origin (e.g., Sakari et al. 2018b ). An increased number of r-I and r-II stars, combined with increasingly better data from Gaia (Gaia Collaboration et al. 2016) , will enable detailed orbits and more subgroups to be identified, as was done in Koppelman et al. (2018) and Roederer et al. (2018a) .
Some dwarf galaxy stars can also be identified chemically, as a result of differing chemical evolution in massive and low-mass galaxies (see, e.g., Tolstoy et al. 2009 ). This is generally only possible for intermediate-metallicity stars that have formed after several previous generations of stars (i.e., after enough time has passed to allow chemical evolution to proceed differently in the low-mass environment). This also requires that the accreted dwarf galaxy experienced extended epochs of star formation, rather than a single burst (see Webster et al. 2015 for evidence that this is possible, even in the lowest mass ultra faint dwarfs). The majority of metal-poor stars are unlikely to show the chemical signatures of more metal-rich dwarf galaxy stars. A few exceptions have been identified in the MW halo, notably the class of "Fe-enhanced" metal-poor stars which show low [X/Fe] ratios at [Fe/H] < −1 (e.g., Yong et al. 2013) ; generally, however, these stars are fairly rare. Until now, none of these stars in the MW halo have been r-process-enhanced.
This paper reports the discovery of an r-process-enhanced, metal-poor star that exhibits the typical chemical signatures of dwarf galaxy stars (notably low [α/Fe] ratios). Section 2 describes the observations, data reduction, and atmospheric parameters of this star, while Section 3 presents the abundances. The implications of these abundances, the kinematics, and comparisons with other MW halo stars and dwarf galaxy stars are discussed in Section 4.
2. OBSERVATIONS, DATA REDUCTION, AND ATMOSPHERIC PARAMETERS J0937−0626 was identified as a metal-poor star in Data Release 4 of the RAdial Velocity Experiment (RAVE; Steinmetz et al. 2006; Kordopatis et al. 2013a ) and the subsequent re-analysis by Matijevic et al. (2017) . It was then targeted for a medium-resolution, optical analysis by Placco et al. (2018) . J0937−0626 was then observed at high spectral resolution in 2016 and 2017 using the Astrophysical Research Consortium (ARC) 3.5-m telescope at Apache Point Observatory, as part of the Northern Hemisphere survey of the RPA ). The ARC Echelle Spectrograph was used in its default mode, leading to a spectral resolution of R ∼ 31, 500 and coverage of nearly the full optical range, from 3800 to 10400Å. The exposure times were selected to ensure high S/N ratios in the red and the blue, as shown in Table 1 . The data were reduced in the Image Reduction and Analysis Facility program (IRAF) 1 using standard techniques, as described in Sakari et al. (2018b) . The heliocentric radial velocity was found by cross-correlating the spectrum with a high-resolution, high-S/N spectrum of Arcturus (Hinkle et al. 2003) . The radial velocity is in excellent agreement with the value from RAVE DR5 (see Table 1 ).
Equivalent widths (EWs) of Fe I and Fe II lines from Fulbright et al. (2006) , Venn et al. (2012), and McWilliam et al. (2013) were found using the automated program DAOSPEC (Stetson & Pancino 2008) . Fe abundances were then determined using the 2017 version of MOOG (Sneden 1973) , with an appropriate treatment of scattering (Sobeck et al. 2011) .
2 The <3D>, non-Local Thermodynamic Equilibrium (NLTE) corrections from Amarsi et al. (2016) were applied to each Fe I line, as discussed in Sakari et al. (2018b) . The temperature and microturbulent velocity of J0937−0626 were determined by removing trends in the NLTE Fe I abundances with wavelength, reduced EW, and excitation potential (see Figure 1) ; the surface gravity was found by forcing agreement between NLTE Fe I and Fe II abundances. The final adopted parameters are listed in Table 1 , along with the LTE parameters and the parameters derived with the 1D NLTE corrections of Ezzeddine et al. (2017, also see Ezzeddine et al. 2016 and Sakari et al. 2018b Schuster et al. (2004) and Beers et al. (2007) obtained photometry of J0937−0626, finding colors that are consistent with the spectroscopic parameters derived here. Schuster et al. (2004) classified J0937−0626 as a "red-horizontal-branch-asymptotic-giant-branch transition" star, while Beers et al. (2007) found that it was displaced from the metal-poor main sequence, potentially as a result of its lower surface gravity. Indeed, the spectroscopic parameters for J0937−0626 place it in the expected region for old, moderately metal-poor HB stars. The spectroscopic temperature is also in agreement with the photometric analysis by Munari et al. (2014) and the spectroscopic RAVE DR5 value (Kunder et al. 2017) , while the temperature, surface gravity, and metallicity are in agreement with the medium-resolution analysis of Placco et al. (2018) . Gaia has provided a parallax for J0937−0626 in Data Release 2 (Gaia Collaboration et al. 2016 , which gives a distance; Bailer-Jones et al. (2018) also provide a statistically-determined distance (see Table 1 ). These distances, combined with the E(B − V ) from the Schlafly & Finkbeiner (2011) Amarsi et al. 2016) . However, in HD 222925 these atmospheric parameter offsets only lead to small differences in the [X/Fe] ratios ( 0.1 dex); this indicates that the <3D> NLTE Fe I corrections produce reasonable results for red horizontal branch stars.
Carbon abundances were found by synthesizing the CH G-band region at 4312Å. J0937−0626 is found to have a subsolar [C/Fe] = − 0.55 ± 0.40, a reasonably low value given its advanced evolutionary state. Taking the evolutionary corrections of Placco et al. (2014) into account, the "natal" carbon abundance was likely higher, at [C/Fe] ∼ 0.1. J0937−0626 is not (and never was) a CEMP star.
DETAILED ABUNDANCES
Abundances of Fe, Ca, Sc, Ti, Cr, Mn, Co, and Ni were determined from EWs; all other elements were determined from spectrum syntheses. The lines for the EW analyses are from the line lists of Fulbright et al. (2006 Fulbright et al. ( , 2007 and McWilliam et al. (2013) . Corrections for hyperfine structure and (if necessary) isotopic splitting were included for Sc, V, Mn, and Co, using the data from the Kurucz (2013) . The spectrum synthesis line lists were generated with the linemake code.
4 Hyperfine structure, isotopic splitting, and molecular lines from CH, C 2 , and CN were included in the synthetic spectrum line lists. All [X/H] ratios were calculated line-by-line, where the solar abundance has been determined from the Kurucz solar spectrum 5 if the lines are sufficiently weak and unblended, using the same atomic data; otherwise, the Asplund et al. (2009) solar values are adopted. Note that unlike Sakari et al. (2018b) , a differential analysis has not been utilized, because there is not a suitable standard star in this metallicity range. Table 2 shows the line-by-line EWs or, for lines whose abundances were derived from spectrum syntheses, abundances. Table 3 shows the final mean abundances. For the EW-based abundances, the random errors represent the line-to-line dispersion, with a minimum error in a single line of 0.05 − 0.1 dex, depending on the strength of the line and S/N; for abundances that were determined via spectrum syntheses, the random errors are based on the quality of the syntheses. Table 3 also shows the total error, which is a quadrature sum of the random error and the systematic error due to uncertainties in the atmospheric parameters. The systematic errors were determined from the variances and covariances of the atmospheric parameters, according to the techniques outlined in McWilliam et al. (2013) and Sakari et al. (2018b) . Table 3 also provides the abundance offsets that occur if LTE parameters are adopted. The offsets are all 0.2 dex; all [X/Fe] ratios relative to Fe II are negligible. These offsets reflect the abundance sensitivities to differences in log g, microturbulent velocity, and [Fe I/H]. NLTE corrections were not applied to elements other than Fe I; significant NLTE sensitivities are generally noted below.
Light Elements: Na and Al
The Na abundance was determined from a synthesis of the 5895Å Na I line (the 5889Å line is too strong), indicating a slightly subsolar [Na/Fe] ratio. The Al I lines at 3944 and 3961Å yield a significantly subsolar [Al/Fe] = − 1.40 ± 0.06. Table 3 shows the LTE abundances, but both the Na and Al lines likely suffer from NLTE effects. The INSPECT database 6 (Lind et al. 2011) indicates that the 5895Å Na I line should have a NLTE correction of -0.41 dex, which would make the Na abundance significantly subsolar. NLTE corrections to the Al lines may be as large as +0.6 to 0.8 dex in this temperature, surface gravity, and metallicity range (Nordlander & Lind 2017 ).
α Elements
The α-elements with detectable lines in J0937−0626 include Mg, Si, Ca, and Ti; the O lines are too weak. The three Mg I lines at 4167, 4703, and 5528Å and the Si I line at 3905Å were synthesized (see Figure 2) , while EWs were measured for 17 Ca I lines, 6 Ti I lines, and 25 Ti II lines. Mashonkina et al. (2016) show that NLTE corrections ∼ 0.1 dex may be required for Ca, with larger and smaller corrections for Ti I and Ti II, respectively (though note that the highest temperature they consider is 5000 K). The [X/Fe] ratios for Mg, Si, and Ca are subsolar, while [Ti/Fe] is roughly solar; these ratios are subsolar even when LTE parameters are used. Placco et al. (2018) also found a low [α/Fe] = − 0.09 based on a medium-resolution spectrum.
Iron-Peak Elements and Zinc
EWs were measured for 7 Sc II, 7 Cr I, 4 Cr II, 1 Mn I, 1 Co I, and 3 Ni I lines. The [Cr I/Fe] ratio is expected to suffer from small NLTE effects; (Bergemann & Cescutti 2010) find corrections < 0.2 dex. The Mn I and Co I lines also require NLTE corrections on the order of +0.4 (Bergemann & Gehren 2008 ) and +0.6 dex , respectively, according the MPIA NLTE correction 
Potential Explanations for Light, α, and Fe-peak Abundances
J0937−0626 therefore either shows an enhancement in some Fe-peak elements relative to the light and α-elements, or a relative deficiency in the light and α-elements. Three possible scenarios to explain this abundance pattern are considered. First, the abundances could reflect an evolutionary effect, such as radiative levitation. Secondly, the entire abundance pattern could be representative of enrichment from a single object. Finally, the abundance profile could be due to multiple progenitors, as a consequence of extended star formation. These possibilities are addressed below.
Radiative levitation in hot horizontal branch stars has been shown to enhance Fe-peak abundances by large amounts (up to 3 dex; Behr 2003) . Reproducing the observed [X/Fe] ratios would require levitation only for the Fe-peak (and neutron-capture) elements. Furthermore, significant abundance differences have only been observed in the hottest horizontal branch stars, with temperatures above ∼ 11, 000 K (Lovisi et al. 2012; Tailo et al. 2017) ; at 5875 K, J0937−0626 is not expected to experience significant radiative levitation. Such effects are also not seen in other field horizontal branch stars (e.g., HD 222925; Roederer et al. 2018b ). This scenario therefore seems unlikely to explain the abundance pattern in J0937−0626.
Enrichment by a single source has also been invoked as an explanation for α-poor very metal-poor stars. Standard core-collapse supernovae are unlikely to produce sufficiently low [α/Fe] ratios to match those in J0937−0626; however, more exotic supernovae can create unusual abundance signatures. Aoki et al. (2014) found that a pair-instability (PISN) supernova could explain the abundance signature of SDSS J0018−0939, a star at [Fe/H] ∼ − 2.5. They based this conclusion on the star's low [α/Fe] (with the exception of Si), [C/Fe] , and [Co/Fe] ratios, as well as its strong odd-even effect (contrasting abundances in odd vs. even elements), though they do note that the predicted odd-even effect is stronger than observed. Nagasawa et al. (2018) also explore the possibility that a PISN supernova enriched their three stars in Hor I (with metallicities ranging from [Fe/H] = −2.8 to −2.5), finding that none of the PISN models can perfectly reproduce the abundance pattern. They note that the models do not match the observed Fe-peak abundances (particularly their solar [Co/Fe] ratios) and predict a strong odd-even effect that is not observed. J0937−0626 also has low [α/Fe] and [Co/Fe]-however, the Heger & Woosley (2002 ) PISN models do not match all the abundance ratios. In particular, a PISN supernova cannot produce enough Sc or Zn, and produces a stronger odd-even effect than observed. It therefore seems unlikely that J0937−0626 was enriched by a single PISN. Nishimura et al. (2017) and Tsujimoto & Nishimura (2018) have noted that neutrino-heating in magneto-rotational supernovae may be a viable site for Zn production (along with Fe, Co, and Ni) in metal-poor environments. Using samples of stars in the Milky Way, Tsujimoto & Nishimura (2018) argue that a high [Zn/Mg] ratio at very low metallicity indicates a high frequency of magneto-rotational supernovae; at higher metallicities, a high [Zn/Mg] may also reflect the onset of Type Ia supernovae (see their Figure 3 ). Given its high [Zn/Mg] = −0.05 (compared to an average [Zn/Mg] = − 0.40 at [Fe/H] = −1.9), it is tempting to speculate that J0937−0626 may have been enriched by a magneto-rotational supernova; however, by [Fe/H] = −2.5, the contributions from magneto-rotational supernovae are already expected to be decreasing. Instead, Tsujimoto & Nishimura (2018) argue that the Zn enhancement in DES J0335−5403 and a star in the Draco dwarf galaxy is due to Type Ia supernovae. Detailed yields from magneto-rotational supernovae are necessary to fully address this possibility. Kobayashi et al. (2014) have also argued that low [α/Fe] in extremely metal-poor stars can be the nucleosynthetic result of ∼ 10 − 20 M ⊙ core-collapse supernovae or hypernovae. They suggest that hypernovae would produce a high [Zn/Fe] > 0.3, which is not observed in J0937−0626. The abundance pattern for ∼ 10−20 M ⊙ supernovae also does not quite match the pattern in J0937−0626, particularly the high α and Zn and the pattern of Fe-peak elements. Core-collapse supernovae on their own are therefore not a likely source of the abundance patterns in J0937−0626. It is also worth noting that J0937−0626 is more metal-rich than the other targets whose abundances were explained by a single progenitor.
A more likely explanation for the abundance patterns in Figures 6 and 7 is that J0937−0626's host environment experienced extended star formation and chemical enrichment, with core-collapse supernovae building the metallicity up to [Fe/H] = −2.5 before a second event produced a significant amount of Cr, Mn, Fe, and Ni and a smaller amount of Ca, Sc, Ti, and Zn. The most likely option is enrichment from a Type Ia supernova, which are known to produce Fe-peak elements (e.g., Iwamoto et al. 1999; Badenes et al. 2003 Badenes et al. , 2008 ). The precise yields depend on parameters such as white dwarf mass, metallicity, and the physics of the explosion.
Figures 8 and 9 show comparisons between J0937−0626's [X/Fe] abundance ratios and Ia yields, added to the background MW average at [Fe/H] ∼ −2.5. The Chandrasekhar-mass "DDTa" model from Badenes et al. (2003 Badenes et al. ( , 2008 is shown in Figure 8 , using the yields from McWilliam et al. (2018) , for five different metallicities. (Note that the other models overpredict [Mn/Fe] .) Though the agreement for Z = 0.0025 is generally decent, none of these metallicities can perfectly reproduce the pattern in the Fe-peak elements. At all metallicities, this Ia model also overproduces Si and Ca and (except for the highest metallicity model) underproduces Ti. Though no model perfectly matches the pattern in J0937−0626, its abundances are generally consistent with enrichment from a Type Ia supernova, possibly one with a sub-Chandrasekhar mass. However, the precise Ia yields depend on the physical conditions of the models (e.g., explosion energy). Similarly, if the background composition of J0937−0626's birth environment was different from the MW composition (e.g., if the Si and Ca abundances were lower at [Fe/H] = − 2.5), then these predicted yields would also change. The general enhancement in Fe-peak elements supposts enrichment from a Type Ia supernova.
It is worth noting that any of the proposed scenarios for enrichment in Fe-peak elements are unlikely to have created a significant number of neutron-capture elements. Neither Type Ia or PISN supernovae will create r-process elements (e.g., Heger & Woosley 2002) , while standard core-collapse supernovae have been ruled out as a significant source of r-process elements (e.g., Arcones & Thielemann 2013) . Though magneto-rotational supernovae have been identified as possible sources of both Fepeak and r-process elements, Nishimura et al. (2017) showed that the supernovae that produce significant amounts of Fe, Ni, and Zn do not produce much Eu, and vice versa. The enhancement of neutron-capture elements therefore likely requires enrichment by a separate event. 
r-Process Enhancement and Patterns
Unlike many of the light, α, and Fe-peak elements, J0937−0626 shows solar or supersolar [X/Fe] ratios for the neutron-capture elements. At [Eu/Fe] = 0.85 ± 0.06, J0937−0626 is an r-I star; its low [Ba/Eu] = −0.77 ± 0.07 implies that its Eu enhancement is due to the r-process. Note that red horizontal branch stars have been discovered to be r-process enhanced (Roederer et al. 2014b) , including HD 222925 (Roederer et al. 2018b) , so this is not a unique feature of J0937−0626. Sr, Y, and Zr are also roughly solar, while La, Ce, Pr, Nd, Gd, and Dy are enhanced. Figure 10 shows that J0937−0626's neutron-capture abundance pattern is generally consistent with the r-process residual in the Sun and two stars in Reticulum II (though, like Ret II, Sr, Y, and Zr in J0937−0626 are slightly lower than the solar residual, as discussed in Ji et al. 2016 ). The pattern is inconsistent with the solar s-process. The low [Sr/Ba] also indicates that significant contributions from the weak s-process in rapidly rotating massive stars (e.g., Chiappini et al. 2011; Frischknecht et al. 2012; Cescutti et al. 2013; Frischknecht et al. 2016 ) are unlikely. The upper limit in Th also implies log ǫ(Th/Eu) < −0.3. Figure 11 shows J0937−0626's slightly enhanced [Ba/Fe] and strongly enhanced [Eu/Fe], relative to the "normal" and "Fe-enhanced" MW field stars. The r-process enhancement in J0937−0626 makes it unlike most of the other "Fe-enhanced" metal-poor stars, whose low [X/Fe] ratios persist through the neutron-capture elements (including BD+80
• 245; see Figure 6 ). 10 Instead, the r-process enhancement in J0937−0626 more closely resembles DES J0335−5403, the Ret II star, which is also an r-I star.
Section 4.1 demonstrated that many of the [X/Fe] ratios could be brought into agreement with Milky Way stars by removing 0.6 dex of Fe. The removal of 0.6 dex of Fe would increase the [X/Fe] ratios of the r-process elements, as shown by the maroon star in Figure 11 . If the r-process event occurred prior to the Fe-peak event, then J0937−0626 would have been an r-II star if the Fe-peak event had not occurred. Furthermore, if J0937−0626 originated in a dwarf galaxy (see Section 4.4), this dwarf galaxy would likely have contained a population of highly r-process-enhanced stars, similar to Ret II. Indeed, though none have been linked to J0937−0626, many of the r-II stars in the MW have been kinematically identified as probable captures from dwarf galaxies (Roederer et al. 2018a; Sakari et al. 2018a,b) , hinting that many r-II stars have originated in r-process-enhanced dwarf galaxies like Ret II. (Table 3) ; also shown are the r-and s-process patterns in the Sun (grey line, from Arlandini et al. 1999) and two stars in Ret II ). The solar r-process pattern and the Ret II abundances are shifted to the Eu abundance in J0937−0626; the solar s-process pattern is shifted to match the Ba abundance. Bottom three panels: The residuals between J0937−0626 and the Sun, DES J033548−540349, and DES J033523−540407. Figure 12 shows a Toomre diagram of MW field stars from Gaia DR2 (using the halo stars within 1 kpc from Koppelman et al. 2018) , along with distinctions between prograde and retrograde orbits. Its velocities (derived with the gal uvw code 11 ) show that J0937−0626 resides in the MW halo, with a retrograde orbit. Previous work has found that a significant number of MW r-I and r-II stars have retrograde orbits (Roederer et al. 2018a; Sakari et al. 2018a,b) and may have been accreted from satellite galaxies. J0937−0626's kinematics also suggest that it may also have been accreted from a satellite galaxy. Koppelman et al. (2018) and Roederer et al. (2018a) have also identified specific groups of stars with similar kinematics which may have originated in the same galaxy. Recently, Helmi et al. (2018) argued that the majority of the retrograde stars from Koppelman et al.'s analysis are due to a single merger event from a galaxy with a mass slightly higher than the Small Magellanic Cloud, which they named Gaia-Enceladus. They also found that the Gaia-Enceladus stars have slightly lower [α/Fe] ratios than MW stars (also see Schuster 2010 and Hayes et al. 2018) . J0937−0626 lies approximately in the correct kinematic space for Gaia-Enceladus stars; however, its [Fe/H] and [α/Fe] ratios are lower than the majority of the Gaia-Enceladus stars. It is still possible that J0937−0626 was brought in by the same merger event if it experienced inhomogeneous mixing within the larger galaxy (similar to the scenario proposed by Venn et al. 2012 for Carina). Full orbital calculations will also be essential for identifying J0937−0626's birth site and locating other stars from the same environment. Roederer et al. (2018a) examined the kinematics of 35 r-II stars with high-quality Gaia data, and identified several groups with similar orbits and metallicities. This technique could be used to identify other stars from the same birth environment as J0937−0626: its chemistry and kinematics should be similar to other r-I stars from the same birth environment; similarly, if that environment was enriched in r-process elements before the event that created the Fe-peak enrichment, J0937−0626 should have similar kinematics as more metal-poor r-II stars. RPA discoveries of more r-I and r-II stars, combined with future Gaia data, will identify other stars that could have originated in the same environment as J0937−0626. 
Kinematics

